to the savannas because of high solar radiation, low night temperatures, and lower incidence of diseases that characterize this region. However, many researchable issues such as development of QPM varieties that are resistant to Striga and tolerant to drought and low soil N need to be addressed urgently if maize is to contribute its expected share to poverty alleviation and provision of nutritionally balanced diets in WCA. Development of stress resistant and tolerant QPM varieties is likely to improve the income-generating capabilities and nutritional status of farmers. This is because maize production in the savannas is severely constrained by recurrent drought, reduced soil fertility, especially low soil N and water-holding capacity, and Striga parasitism (Badu-Apraku et al., 2015a) .
Production worth billions of US dollars is lost annually because of these constraints. For example, annual yield loss as a result of drought was estimated to be ~24 million tons, which represents ~17% of a normal year's production in the developing world (Edmeades et al., 1992) . The loss could be much higher if it occurs at the flowering and grain filling periods (Nesmith and Ritchie, 1992) . Striga infestation was estimated to cause losses of about US $7 billion in WCA (M'Boob, 1986) . In addition, increased population pressure on the available land has resulted in an intensification of crop production, reduced fallow periods, and, consequently, low soil fertility (Vogt et al., 1991) , all of which together have aggravated the Striga problem. Annual loss of maize yield as a result of low soil N varies from 10 to 50% (Wolfe et al., 1988) in WCA and is caused by several factors, including little or lack of application of inorganic fertilizer by farmers and rapid mineralization of organic matter in the soil (Banziger and Lafitte, 1997) . Under field conditions, drought, Striga, and soil nutrient deficiencies can occur simultaneously and the combined effect can be devastating. Drought and low soil N aggravate Striga parasitism on maize (Kim and Adetimirin, 1997; Badu-Apraku et al., 2004) . Studies conducted in WCA by Badu-Apraku et al. (2004 on the combined effects of these stress factors showed 44 to 53% grain yield reduction because of drought, 42 to 65% from Striga infestation, and 40% from low soil N. Host-plant resistance is considered the most economically feasible and sustainable approach for reducing the effects of the three stress factors (DeVries, 2000; BaduApraku and Akinwale, 2011) .
Maize is widely fed as porridge to weaning children, although often without a protein supplement such as milk, meat, or beans in many African countries. However, maize is deficient in two essential amino acids: lysine and tryptophan. Therefore infants fed on normal maize without protein supplements suffer from diseases such as kwashiorkor caused by protein deficiency. This has prompted the development, dissemination, and adoption of several QPM varieties in WCA since 1990, an initiative that has contributed to reduction in malnutrition from protein deficiency in the subregion (Badu-Apraku et al., 2013) and making significant contributions to the food and livestock industries.
Adoption and use of superior maize hybrids that have been selected for high levels of tryptophan and lysine, N-use efficiency, resistance to Striga, and tolerance to drought will revolutionize agriculture and contribute to increased maize production and faster reduction in protein deficiency among the rapidly growing population of WCA. In an effort to mitigate the problem of malnutrition in WCA, an early-maturing QPM inbred line development program was initiated at International Institute of Tropical Agriculture (IITA) in 2003. By 2011, 71 drought-, low-N-, and Striga-tolerant or resistant early QPM white inbred lines had been developed. Information on the combining ability, heterotic patterns, and the extent of genetic diversity in these QPM inbreds, which is crucial to the development of an efficient breeding strategy for the QPM hybrid program at IITA, is presently lacking. In addition, there is an urgent need to determine the impacts of Striga infestation, drought, and low-N stresses on the performance and combining ability of QPM germplasm for grain yield and other traits. Results of most studies conducted so far to determine the inheritance of quantitative traits in QPM germplasm have revealed significant GCA effects for grain yield and other agronomic traits, while SCA mean squares were not significant indicating the preponderance of additive over nonadditive gene action (Vasal et al., 1993; Fan et al., 2004; Wegary et al., 2013; Musila et al., 2010 ). In contrast, Bhatnagar et al. (2004) and Machida et al. (2010) reported the preponderance of nonadditive gene action for grain yield and additive gene action for days to silking, anthesis, and plant height in a diallel study involving selected QPM inbred lines. Furthermore, there are no early-maturing QPM inbreds and testers identified in our program to facilitate the design of efficient breeding schemes for hybrid development. Knowledge and understanding of the breeding values of IITA QPM inbreds under multiple stress environments would be very helpful in devising a viable breeding strategy to develop QPM hybrids adapted to the relevant multiple stresses in WCA. The objectives of the present study were to (i) determine the gene action conditioning grain yield and other agronomic traits in the QPM inbreds under Striga-infested, drought, and low-N environments; (ii) classify the inbreds into heterotic groups by two methods and compare the efficiency of the grouping methods; (iii) identify the best QPM inbred testers across research environments; and (iv) identify high-yielding and most stable hybrids across multiple stresses for commercialization. in 2011 and 2012 at each location. The soil at Mokwa is a luvisol (Soil Survey Staff, 1999) with 0.27, 0.035, and 0.48% organic C, organic N, and P content. On the other hand, the soil at Ile-Ife is characterized as Alfisol (Soil Survey Staff, 1999) with 0.084% organic N. The experimental fields were depleted of N by continuously planting maize for several years and removing the biomass after each harvest. Soil samples were taken each year before planting for all the test environments and N content was determined at the IITA soil laboratory at Ibadan. The total N in the soils was determined by Kjeldahl digestion and colorimetric determination on Technicon AAII Autoanalyser (Bremner and Mulvaney, 1982) . Fertilizer was applied to bring the total available N to 30 kg ha −1 for the low-N fields when the soil N was below 30 kg ha −1 . The N fertilizer was applied 2 wk after planting (WAP). Also, single superphosphate (P 2 O 5 ) and muriate of potash (K 2 O) were applied to the low-N blocks at the rate of 60 kg ha −1
. Each trial was kept weed free with the application of herbicides and by hand weeding.
In the third experiment, the single-cross hybrids were evaluated in 2012 for yield potential and tolerance or resistance to Striga under artificial infestation with Striga at Mokwa and Abuja (916¢ N, 720¢ E, 300 m asl, 1500 mm annual rainfall), both in the Southern Guinea Savanna agroecological zone of Nigeria where Striga is endemic. The soil type at Abuja is ferric luvisol (Soil Survey Staff, 1999) . The fields were fumigated with ethylene gas at ~7 d before planting to induce suicidal germination of Striga seeds in the soil. The Striga seeds used for infestation were mixed with finely sieved sand in the ratio of 1:99 by weight and about 5000 germinable seeds were placed in each planting hole on the ridges, as described by Kim (1991) . , and 30 kg K ha −1 were applied as 15-15-15 N-P-K. The reduced rate and delay in application of fertilizer were necessary to ensure good germination of Striga seeds and attachment of Striga plants to the roots of host plants in Striga-infested plots (Kim 1991) . Weeds other than Striga were controlled manually.
Collection of Agronomic Data
Data were recorded on drought-stressed, Striga-infested, and low-N plots. Days to 50% silking was recorded as the number of days from planting to when 50% of the plants had emerged silks, and days to anthesis when 50% of the plants had shed pollen. The anthesis-silking interval (ASI) was calculated as the difference between days to 50% silking and 50% anthesis. Plant height was measured as the distance from the base of the plant to the height of the first tassel branch and ear height as the distance to the node bearing the upper ear. Root lodging (percentage of plants leaning more than 30 from the vertical) and stalk lodging (percentage broken at or below the highest ear node) were measured. Number of ears per plant (EPP) was obtained by dividing the total number of ears per plot by the number of plants harvested. Plant aspect was recorded on a scale of 1 to 9 based on plant type, where 1 was excellent and 9 was poor. Husk cover was rated on a scale of 1 to 5, where 1 indicated husks tightly arranged and extended beyond the ear tip and 5 indicated ear tips exposed. Ear aspect was recorded based on a scale of 1 to 9, where 1 was clean, uniform, large, and well-filled ears and 9 indicated ears with undesirable features. In addition, stay-green characteristic was recorded for the drought-stressed and low-N
MATERIALS AND METHODS

Development of Early-Maturing Quality Protein Maize Inbreds and Generation of Crosses
In 2003, 22 early white normal-endosperm elite Striga-resistant inbred lines were crossed to a QPM donor source, Pool 15 SR, in an effort to convert them to QPM. Between 2003 and 2008, the materials were taken through various stages of backcrossing and self-pollination with selection for high lysine and tryptophan and the desirable agronomic traits, including drought tolerance. The best 10 lines selected at the S 2 stage were used to develop a white QPM synthetic variety, while inbreeding and selection continued within the best 30 lines. By 2011, 71 S 6 QPM inbred lines had been developed. The lines were analyzed for lysine and tryptophan contents at the IITA nutrition laboratory and the best 30 (Supplemental Table S1 ) were selected for the present study.
The selected 30 QPM inbreds were divided into six sets each consisting of five inbreds. Crosses were made between the groups such that the five inbreds in one set were used as females and crossed with the five inbreds in another set (males) using the North Carolina Design II (NCD II) mating scheme of Comstock and Robinson (1948) to generate 150 single-cross hybrids, which were evaluated along with six checks comprising three each of drought-tolerant normal-endosperm open-pollinated varieties (OPVs) (EV DT-Y 2000 STR, EV DT-W 2008 STR, and 2008 DTMA-W STR) and hybrids (TZEI 5  TZEI 98, TZEI 1  TZEI 5, and TZEI 2  TZEI 87) in field experiments. Early-maturing normal OPVs and hybrids were used as checks in the present study because there were no earlymaturing QPM OPVs and hybrids that combined resistance to Striga and tolerance to drought and low-N in the IITA maize improvement program at the time of this research.
Cultural Practices, Field Evaluations, and Stress Management
Three field experiments were conducted in 2011 and 2012 in Nigeria. In the first experiment, the 150 hybrids plus six checks were evaluated at Ikenne (653¢ N, 342¢ E, 60 m asl, 1200 mm annual rainfall), in Nigeria under managed drought during the dry seasons of 2011 and 2012 and under terminal drought at Bagauda (1200¢ N, 822¢ E, 580 m asl, 800 mm annual rainfall) during the 2012 growing season. Soil type at Ikenne is Eutric nitrisol, while that of Bagauda is clay loam (Soil Survey Staff, 1999) . A randomized incomplete block design (12 by 13 a-lattice) with two replications was used for all evaluation trials. Each experimental unit was a single-row plot, 5 m long with row spacing of 0.75 m and hill spacing of 0.4 m within the row. Three seeds were planted per hill and the seedlings were thinned to two ~2 wk after emergence to give a final population density of about 66,000 plants ha −1 . The managed drought at Ikenne was achieved through an irrigation system that provided 17 mm of water per week up to 28 d after planting. Thereafter, the irrigation water was withdrawn until maturity so that the maize plants relied on stored water in the soil for growth and development.
In the second experiment, the single-cross hybrids were evaluated at Ile-Ife (lat. 7 18¢ N, long. 4 33¢ E, 244 m asl, 1100 mm annual rainfall) and Mokwa (918¢ N, 54¢ E, 457 m asl, 1100 mm annual rainfall), Nigeria, under low N (30 kg N ha −1 ) plots at 70 d after planting on a scale of 1 to 9, where 1 was almost all leaves green and 9 was virtually all leaves dead. Host plant-damage-syndrome rating (Kim, 1991) and emerged Striga plants were recorded at 8 and 10 WAP in the Striga-infested plots. Striga damage syndrome was scored per plot on a scale of 1 to 9 where 1 was no damage, indicating normal plant growth and high resistance, and 9 indicated complete collapse or death of the maize plant, that is, highly susceptible (Kim, 1991) . In the managed-drought and low-N experiments, harvested ears from each plot were shelled to determine the percentage grain moisture. Grain yield was adjusted to 15% moisture and computed from the shelled-grain weight. On the other hand, in the Strigainfested experiment, grain yield was computed based on 80% (800 g grain kg −1 ear weight) shelling percentage and adjusted to 150 g kg −1 moisture content.
Single Nucleotide Polymorphism Marker Assays
DNA Extraction
Young leaf samples were collected from 8 to 10 seedlings in the field at 2 WAP. The leaves were bulked and lyophilized before DNA extraction. Genomic DNA was isolated from the collected samples using a modified CTAB protocol of Saghai-Maroof et al. (1984) . The restriction enzyme HindIII was used to digest the DNA to determine the quality of the DNA samples. The digested DNA was transferred into an optical plate containing 96 wells, fitly sealed with rubber plate covers, and shipped to the Institute for Genomic Diversity, Cornell University, Ithaca, NY, for genotyping by sequencing. The SNP genotyping was performed as described by Badu-Apraku et al. (2015b) .
Statistical Analyses
Separate analyses of variance (ANOVA) were performed on data collected under each research condition (drought, low-N, and Striga-infested environments) with PROC GLM in SAS (SAS Institute, 2011) . Subsequently, combined ANOVA across research environments was performed for grain yield and other measured traits with PROC GLM in SAS using a RANDOM statement with the TEST option (SAS Institute, 2011) . The main effects of males-within-sets and females-within-sets mean squares estimated the variance due to the GCA while the female  malewithin-set interaction mean squares estimated the SCA variance (Hallauer and Filho, 1988) . The proportion of GCA-male, GCAfemale, and SCA for each trait was computed as percentage of the sum of squares for the crosses across research environments. The GCA-males and GCA-females effects for each trait were computed from the adjusted means (Singh and Chaudhary, 1985) . To assign inbred lines into heterotic groups under Striga infestation, drought, low-N, and across environments the HGCAMT method proposed by Badu-Apraku et al. (2013) and genetic distance (GD) estimated from SNP markers were adopted. Ward's minimum variance cluster analysis based on the Euclidean distance generated from HGCAMT and GDbased data were used to assign the 30 inbred lines into heterotic groups under each contrasting environments and across environments using SAS (SAS Institute, 2011) . The grouping by the HGCAMT was achieved by standardizing the GCA effects (mean of zero and standard deviation of 1) of the traits that had significant mean squares for genotype to minimize the effects of different scales of the traits. The efficiency of the two heterotic grouping methods were compared by arranging the 150 hybrids from the highest to the lowest based on grain yield under drought, low-N, Striga infestation, and across research environments. The procedure involved dividing the total number of hybrids for each method into two major groups: intergroup and intragroup crosses. These two groups were subsequently divided into high-yielding hybrids (Yield Group 1 with a mean grain yield ranking among the top 50 lines), intermediate hybrids (Yield Group 2 with a grain yield between the 51st and 100th line), and low-yielding hybrids (Yield Group 3 with a mean grain yield between 101st and 150th line). The better classification method was considered as the one in which classified heterotic groups allowed interheterotic group crosses to produce more superior hybrids than the intragroup crosses (Fan et al., 2009 ). The implication was that a more efficient grouping method should place more of intergroup crosses in the higher yielding hybrid class and more of the intragroup crosses in the low-yielding hybrid category. Furthermore, Fan et al. (2009) defined the breeding efficiency as the percentage of high-yielding hybrids across the total number of interheterotic crosses, that is, the best heterotic grouping method is the one that allows more interheterotic group crosses to produce more superior hybrids than the intragroup crosses. In the present study, we defined the breeding efficiency as the average of the proportion of total interheterotic group hybrids that is due to superior high-yielding interheterotic group hybrids plus the proportion of total low-yielding intraheterotic group hybrids that is due to the low-yielding intraheterotic group hybrids. For this purpose, Groups 1 and 3 were considered the high-yielding and low-yielding group, respectively. The equation for estimating the breeding efficiency is as follows:
, where BE = breeding efficiency, HYINTERGH is the number of high-yielding interheterotic group hybrids, TNINTERGH is the total number of interheterotic group hybrids, LYIN-TRAGH is the number of low-yielding intraheterotic group hybrids, and TNINTRAGH is the total number of intraheterotic group hybrids.
An inbred was considered a tester based on three criteria. It must (i) belong to a known heterotic group, (ii) have a high significant positive GCA across the test environments, and (iii) have high yield per se (Badu-Apraku et al., 2013) .
The additive main effects and multiplicative interactions (AMMI) model Gauch and Zobel, 1988; Crossa, 1990 ) was adopted to assess the relationships among the single crosses, environments, genotype  environment interactions (G  E), and obtain information on the performance and yield stability of the single-cross hybrids across the three stress environments. The AMMI uses principal component analysis (PCA) to decompose the multiplicative effects (G  E) into a number of interaction principal component axes (IPCA). The GGE biplot software, a Windows application that fully automates biplot analysis (Yan, 2001 ) was used for the AMMI analysis.
(set)  E, GCAf (set)  E, and SCA (set)  E interactions under drought, low-N, and across environments. The hybrids  E mean squares were significant (P < 0.05) for all measured traits except days to anthesis and Striga damage at 8 WAP under Striga infestation (Table 2 ). In contrast, the GCAm (set)  E was significant for grain yield, days to silking, plant height, husk cover, ear aspect, ears per plant, and number of emerged Striga plants at 10 WAP, while significant mean squares were obtained for the GCAf (set)  E for grain yield, ear height, husk cover, EPP, Striga damage rating at 10 WAP and the number of emerged Striga plants at 10 WAP under Striga-infested environments. Similarly, significant (P < 0.05) SCA (set)  E interaction mean squares were detected for grain yield, ASI, ear aspect, EPP, Striga damage at 10 WAP and the number of emerged Striga plants at 8 WAP under Striga-infested environments (Table 2 ).
Relative Importance of General and Specific Combining Ability
Partitioning the hybrid sum of squares into its components showed that GCA (GCAm plus GCAf ) accounted for 50.1 to 71.6% of the total variation among hybrids for days to anthesis and silking, ASI, and husk cover under drought; grain yield, days to anthesis and silking, ear height, and stay-green characteristic under low N; and days to anthesis and EPP under Striga infestation and days to anthesis and silking and stay-green trait across test environments (Table  3) . Similar magnitudes of GCA and SCA sum of squares were obtained for grain yield under low N (50.1 vs. 49.9%) and across environments (49.5 vs. 50.5%) as well as for days to silking (49.7 vs. 50.3%) under Striga infestation. It is striking to note that the Striga traits (number of emerged Striga plants and the Striga damage syndrome rating) had larger SCA sum of squares than GCA sum of squares under Striga infestation. Across research environments, eight traits (grain yield, ASI, plant and ear heights, husk cover, plant and ear aspects, and EPP) of the 11 measured traits had greater SCA sum of squares than GCA sums of squares.
Relative Importance of Female and Male General Combining Ability Effects under Contrasting Environments
Variations were observed in the contributions of the GCAf and GCAm effects to the total sum of squares for grain yield and other traits under the three stress environments. However, variance ratio (F-test) of the mean squares of GCAm to the GCAf and GCAf to GCAm were not statistically significant (P = 0.05) for any of the traits based on the method of Kearsey and Pooni (1996) . For example, GCAf effect was 1.3 times the GCAm effect with the GCAf sum of squares contributing 24% and the GCAm sum of squares 19% of the total variance for grain yield under drought but the two effects were not statistically different (Table 3) .
A total of 30 genotypes (top 19 tolerant and the five most susceptible QPM hybrids plus three each of OPV and normalendosperm hybrid checks) evaluated across eight environments were selected and subjected to AMMI analysis. A multipletrait-base index (MI) that integrated grain yield, EPP, plant and ear aspects, stay-green characteristic, Striga damage rating, and number of emerged Striga plants was used to select the entries for the AMMI analysis. Each trait was standardized to minimize the effect of the different scales. A positive MI value was considered an indication of tolerance or resistance to the multiple stresses, while negative values indicated susceptibility. The multiple trait base index was computed as follows:
where YLD is grain yield across environments, EPP is number of ears per plant across environments, EASP is ear aspect across environments, PASP is plant aspect across environments, SGR is stay-green characteristic across drought and low-N environments, SD8 and SD10 are Striga damage rating at 8 and 10 WAP across Striga environments, and ESP8 and ESP10 are number of emerged Striga plants at 8 and 10 WAP across Striga environments. Single nucleotide polymorphisms (1,151 out of 143,415) covering the whole maize genome with 0.05 allele frequency and no missing data were used to explore the genetic diversity of the inbred lines using TASSEL version 4.1.12 (Bradbury et al., 2007) . In this study, filtering criteria, which allowed some percentage of missing data, were used. This resulted in additional SNPs, but the phylogeny of the lines was not affected when larger numbers of SNPs were used (data not shown). The allocation of the SNP loci on the 10 maize chromosomes was 232 in chromosome 1, 172 in chromosome 2, 177 in chromosome 3, 169 in chromosome 4, 167 in chromosome 5, 95 in chromosome 6, 143 in chromosome 7, 133 in chromosome 8, 81 in chromosome 9, and 82 in chromosome 10. The allele frequency, gene diversity, heterozygosity, polymorphic information content (PIC), and pair-wise Roger's genetic distance estimates (Rogers, 1972) among the inbred lines were calculated using PowerMarker version 3.25 (Liu and Muse, 2005) .
RESULTS
Analysis of Variance of Grain Yield and Other Traits under Contrasting Environments
Analysis of variance showed significant (P < 0.05) differences in mean squares of environment (E), hybrids, GCA-male (set) (GCAm), GCA-female (set) (GCAf ), and SCA (set) for grain yield and most measured traits under drought, low-N, Striga infestation and across environments (Tables 1, 2 ). The few exceptions were ear aspect for GCAm (set) and SCA (set) under drought (Table 1) , ASI for hybrids, GCAm (set), and GCAf (set) and husk cover for GCAm (set) and SCA (set) under Striga-infested environments (Table 2 ). Most measured traits had significant (P < 0.05) mean squares for the hybrids  E, GCAm Presented in Table 4 are the GCA effects of the inbred lines under drought, low-N, Striga, and across environments. Under drought, the inbreds TZEQI 34 and TZEQI 39 showed significant positive GCAm effects for grain yield, while TZEQI 24, TZEQI 44, and TZEQI 56 had significant positive GCAf effects for grain yield. The inbreds TZEQI 4, TZEQI 6, TZEQI 12, TZEQI 24, TZEQI 25, TZEQI 34, TZEQI 35, TZEQI 49, TZEQI 55, and TZEQI 59 displayed significant positive GCAm effects for grain yield under low N, while TZEQI 6, TZEQI 34, TZEQI 45, TZEQI 49, and TZEQI 56 showed significant positive GCAf effects for grain yield. Under Striga infestation, significant positive GCAm effects for grain yield were detected for the inbreds TZEQI 12 and TZEQI 55, while TZEQI 44 and TZEQI 55 had significant positive GCAf effects for grain yield. Only two inbreds (TZEQI 29 and TZEQI 49) showed significant negative GCAm effects for Striga damage at 10 WAP, while all the 30 early white QPM inbreds used in this study had significant negative GCAf effects for Striga damage at 10 WAP, except TZEQI 35, TZEQI 44, and TZEQI 55. In contrast, all inbreds exhibited significant negative GCAf effects for the number of emerged Striga plants at 10 WAP, except TZEQI 44 and TZEQI 55. It is striking to note that TZEQI 56 was the only inbred that displayed significant negative GCAm and GCAf effects for number of emerged Striga plants at 10 WAP. Across the multiple stress environments (Striga, drought, and low-N environments), five inbreds (TZEQI 6, TZEQI 34, TZEQI 44, TZEQI 49, and TZEQI 55) exhibited significant positive GCA effects (GCAm plus GCAf effects) for grain yield. In contrast, the GCA effect of the stay-green characteristic was negative and significant for the inbreds TZEQI 34, TZEQI 35, TZEQI 39, and TZEQI 55 across drought and low-N environments. Similarly, TZEQI 23 and TZEQI 45 displayed negative and significant GCAm effects for the staygreen characteristic, while the GCAf effects for this trait were negative and significant for the inbreds TZEQI 22, TZEQI 44, and TZEQI 56.
Heterotic Groupings Under Contrasting Environments
Summary of the different heterotic groups for the 30 early-maturing QPM inbreds based on dendograms (Supplemental Fig. S1-S4 ) constructed from HGCAMT under drought, low-N, Striga infestation, and across test environments as well as Roger's distance estimates of SNPbased markers using Ward's minimum variance cluster analysis are presented in Table 5 . On the one hand, the HGCAMT method classified the inbreds into three groups each under drought and across test locations, while four groups were identified under low-N and Striga-infested conditions. On the other hand, the SNP-based method identified three groups for the set of inbreds used in the present study. The classification of inbreds into groups by the HGCAMT under drought, low-N, Striga, and across test environments was in close correspondence with the SNP-based approach in terms of the placement of the inbreds into similar groups. For example, the classification of the inbreds into heterotic Groups 1, 2, and 3 by the HGCAMT across test environments and the SNPbased methods followed similar trends with lines such as 
Comparison of General Combining Ability Effects of Multiple Traits and SingleNucleotide-Polymorphism-based Genetic Distance Methods and Identification of Testers
The HGCAMT method identified 36, 37, and 30 as highyielding hybrids and 16, 17, 11, and 21 as the low-yielding hybrids under drought, low-N, Striga, and across research environments, respectively. On the other hand, the SNPbased method identified 39, 43, 36, and 43 as high-yielding hybrids and 27, 27, 21, and 26 as the low-yielding hybrids under drought, low-N, Striga, and across research environments, respectively (Table 6 ). Thus the breeding efficiency of the SNP-based method was the highest under low N (49.5%), across research environments (48.5%), drought (47.5%), and Striga-infested environments (40%). The SNP-based method indicated a breeding efficiency that was greater than that of the HGCAMT method by 40% under drought, 27% under low N, 48% under Striga, and 43% across research environments (Table 6 ). The SNPbased grouping method, being the most efficient in this study, was used to identify inbreds TZEQI 6 and TZEQI 55 as the best testers across the research environments. was the most outstanding hybrid under both low-N and across test environments (data not shown).
The significant G, E, and G  E mean squares for grain yield under drought, low-N, Striga, and across environments prompted the use of the AMMI biplot to explain the main effects and provide insight into the G  E. The AMMI biplot with the G and E main effects for grain yield and the IPCA1 scores is presented in Fig. 1 . The vertical line represents the grand mean for grain yield while the horizontal line (y-ordinate) is the IPCA1 value of zero. Genotypes close to the horizontal line have small interactions and are considered to be more stable than those farther from it. The results of the AMMI biplot analysis showed that E accounted for 40% of the total variation in the sum of squares for grain yield, while the G and IPCA1 sources of variation accounted for 40 and 6% of the total variation, respectively. A total of 86% of the treatment sum of squares were captured by the AMMI biplot, thus making it effective in explaining both the main effects and providing insight into the G  E.
The AMMI biplot showed large variability among the eight environments and wide yield range among the 30 genotypes. Hybrid 21 (TZEQI 45  TZEQI 33) was characterized by IPCA1 score of zero, indicating that it had no interaction with the environments and was therefore the most stable hybrid across environments. The hybrids 20 (TZEQI 6  TZEQI 35), 15 (TZEQI 35  TZEQI 59), 9 (TZEQI 35  TZEQI 39), and 4 (TZEQI 44  TZEQI 4) were also relatively stable across environments as a result of their small interaction with the environments as indicated by their near zero IPCA1 scores. They also displayed grain yield greater than the mean grain yield and therefore were considered as stable and Table 5 . Summary of the heterotic groups of 30 early-maturing quality protein maize inbred lines identified by the general combining ability effects of multiple traits (HGCAMT) method under contrasting environments and the single nucleotide polymorphism (SNP)-based method.
Method
Group 1  Group 2  Group 3  Group 4   H GCAMTdrought   TZEQI 4,TZEQI 5, TZEQI 12, TZEQI 13,  TZEQI 14, TZEQI 16, TZEQI 22, TZEQI 23,  TZEQI 25, TZEQI 27, TZEQI 29, TZEQI 33,  TZEQI 35, TZEQI 45, TZEQI 55,  and TZEQI 60   TZEQI 6, TZEQI 15, TZEQI 24,  TZEQI 34, TZEQI 39, TZEQI 44,  TZEQI 49, TZEQI 56,  and TZEQI high-yielding hybrids across environments. Hybrids 16 (TZEQI 27  TZEQI 59) and 7 (TZEQI 55  TZEQI 12) had mean grain yield greater than the grand mean but a strong positive interaction with IPCA1, implying that they were probably adapted to favorable environments. In contrast, hybrid 3 (TZEQI 56  TZEQI 59) had grain yield above the grand mean but negative interaction with IPCA1 score, suggesting that the hybrid was probably adapted to low-yield environments. The worst five hybrids, 26 (TZEQI 26  TZEQI 18), 27 (TZEQI 23  TZEQI 30), 28 (TZEQI 17  TZEQI 18), 29 (TZEQI 25  TZEQI 17), and 30 (TZEQI 17  TZEQI 27), selected based on their negative base indices, were also identified as the lowest yielding by the AMMI analysis.
DISCUSSION
The significant variation observed among the single-cross hybrids for grain yield under drought, low-N, and Strigainfested environments indicated that adequate genetic variability existed among the early-maturing maize hybrids to allow good progress from selection under the multiple stress environments. The implication of the presence of large genetic variation among the inbreds is that there was adequate genetic variability among the hybrids to permit good progress from selection for improvements in most measured traits. Bhatnagar et al. (2004) reported significant variation in performance among and between seven white and nine yellow QPM inbred lines in grain yield, root lodging, and stalk lodging in five southern US environments. This result is also in agreement with the findings of Badu-Apraku et al. (2011a) and Badu-Apraku and Oyekunle (2012) for normal-endosperm, early-maturing maize. The presence of significant environmental variation for all measured traits under drought, low-N, and Strigainfested environments was a demonstration of the uniqueness and variability of the environments and emphasized the need for multilocation testing for several years for each of the contrasting environments. This finding is consistent with the results obtained with normal-endosperm, early-maturing maize by Badu-Apraku et al. (2007) and Ifie et al. (2015) . The significant GCA and SCA for grain yield and most traits across environments suggested that both additive and nonadditive gene actions were important in the inheritance of grain yield and other traits across the multiple stress environments. This result implied that selection or systematic hybridization among the best combining QPM inbred lines could be adopted to improve the lines for the measured traits. This result is consistent with the findings of Pixley and Bjarnason (1993) for grain yield of QPM inbred lines under optimal growing environments. Similar results were also reported by Wegary et al. (2013) for 15 QPM inbred lines evaluated under drought and low-N stresses and optimal conditions in 17 environments in eastern and southern Africa. Furthermore, similar results were reported for 21 diallel crosses derived from seven extra-early yellow normal-endosperm maize inbreds evaluated under contrasting environments (BaduApraku and Oyekunle, 2012) . In the present study there was preponderance of SCA sums of squares over those of GCA for grain yield, plant and ear heights, plant and ear aspects, EPP, and the stay-green characteristic under drought. Similarly, the SCA sum of squares was higher than those of GCA for ASI, plant height, husk cover, plant aspect, ear aspect, and EPP under low N. Furthermore, the SCA sum of squares was greater than those of GCA for all measured traits except for the days to anthesis and EPP under Striga infestation. Also, across research environments, grain yield, ASI, plant and ear heights, husk cover, plant and ear aspects, and EPP had greater SCA sums of squares than GCA sums of squares. In contrast, there was greater contribution of GCA sum of squares than SCA to the stay-green characteristic under low N and across drought and low-N environments. These results implied that nonadditive gene action largely modulated the inheritance of most measured traits in the set of QPM inbreds under the multiple stress environments. This result is consistent with the findings of Bhatnagar et al. (2004) and Machida et al. (2010) , who reported SCA effects of QPM inbreds to be more important than GCA effects for grain yield, while GCA effects for plant height and days to anthesis and silking were more important than SCA under optimal management. This result also corroborates the findings of Betrán et al. (2003) , Meseka et al. (2006) , and Makumbi et al. (2011) , who reported nonadditive gene action to be more important in the inheritance of grain yield of normal-endosperm maize under low N. Similarly, in a study involving 36 diallel crosses derived from nine normal-endosperm early yellow maize inbreds evaluated under drought and Striga environments, no inbreds with significantly higher GCA than others could be identified, and there were no inbreds that could be considered as ideal testers in this study because of the minor importance of GCA and the preponderance of SCA over GCA (BaduApraku et al., 2011b) . Furthermore, Guei and Wassom (1992) reported that nonadditive genetic effects control grain yield and EPP, while additive genetic effects condition flowering traits in two normal-endosperm tropical maize populations (Pool 26 Sequia and La Posta Sequia) under drought. However, this result is in disagreement with the findings of Musila et al. (2010) , who reported the preponderance of additive gene action for grain yield, days to anthesis, ASI, and EPP in early-maturing QPM inbred lines under low-N, drought, and optimal environments. This result also appears to be in disagreement with the findings of Wegary et al. (2013) , who showed GCA effects of grain yield of 15 QPM inbreds to be more important under drought stress, while SCA effects of grain yield were more important under low-N and optimal conditions. The authors showed preponderance of GCA effects for most agronomic traits evaluated in the test environments. Similarly, Badu-Apraku et al. (2011a) showed that the GCA sums of squares for grain yield and other traits of nine normal-endosperm, early-maturing inbreds were larger than those of SCA under drought, well-watered, Striga-infested, and Striga-free conditions, indicating that additive gene action was more important than the nonadditive component in the inheritance of drought tolerance and Striga resistance. The preponderance of the SCA sum of squares over GCA for grain yield under Striga infestation in the present study indicated the importance of nonadditive genetic effects over additive genetic effects. The larger proportion of SCA sum of squares over GCA for Striga damage and number of emerged Striga plants at 8 and 10 WAP indicated that nonadditive gene action played a major role in the inheritance of Striga resistance. This is contrary to the results of Gethi and Smith (2004) , Yallou et al. (2009), Badu-Apraku and Oyekunle (2012) , and Ifie et al. (2015) , who reported larger proportion of GCA sum of squares over SCA for Striga damage and number of emerged Striga plants at 8 and 10 WAP for early-maturing, normal-endosperm maize inbreds. Furthermore, Kim (1994) , Akanvou et al. (1997), and Badu-Apraku (2007) reported that additive gene action was more important in normal-endosperm maize inbreds for Striga damage, while nonadditive gene action was more important for Striga emergence. The differences in the findings of earlier workers and the results of the present study may be attributed to the differences in the genetic materials (QPM vs. normal-endosperm maize) used in the different studies. The significant mean squares observed for most measured traits for the hybrid  E, GCAm (set)  E, GCAf (set)  E, and SCA (set)  E interactions under drought, low-N, and across environments and the significant SCA (set)  E interaction mean squares detected for grain yield, EPP, ASI, ear aspect, Striga damage at 10 WAP, and the number of emerged Striga plants at 8 WAP under Striga-infested environments indicated that the ranking of hybrids was different in the contrasting research environments. This result implied that hybrid performance would be different in varying research environments. This finding is in agreement with that of Derera et al. (2008) , who reported significant G  E effects for grain yield and other secondary traits of normal-endosperm maize under drought stress. However, this is contrary to the findings of Badu-Apraku and Oyekunle (2012) , who reported that under drought stress, environment  male within set, environment  female within set, and environment  male  female within set were not significant for grain yield and associated traits and attributed this to the uniform drought stress management practices. The significant GCAm  E and GCAf  E effects observed for some traits under drought, Striga, and low-N environments indicated that the combining ability of the parental inbred lines was not consistent in the different environments. This result is in agreement with the findings of Makumbi et al. (2011) and Badu-Apraku et al. (2013) . In this study, more traits showed significant SCA  E than GCA  E interactions across stress environments suggesting that SCA was less influenced by environment than GCA.
The GCA and SCA effects of inbred lines ultimately determine the potential value of inbred lines in hybrid combinations. The nonsignificant variance ratio between the GCAm and GCAf for grain yield and all other measured traits under drought, low-N, Striga infestation, and across environments indicated that both maternal and paternal effects played similar roles in the inheritance of the traits in the set of QPM inbreds. This result is consistent with the findings of Ifie et al. (2015) who reported similarity in the magnitude of the GCAf and GCAm sum of squares for grain yield and most traits of normal-endosperm maize across research environments. In contrast, Derera et al. (2008) reported that maternal effects modified grain yield of normal-endosperm maize under drought as well as ASI, prolificacy, and ear aspect under drought and well-watered environments. Similarly, Oyekunle and Badu-Apraku (2014) demonstrated the importance of maternal effects in the inheritance of grain yield under well-watered conditions. Also, Jumbo and Carena (2012) found maternal effects for ear height in normal-endosperm, early-maturing maize hybrids under optimal growing conditions while Adebayo et al. (2014) reported paternal effects for ear aspect in late-and intermediate-maturing normalendosperm single-cross hybrids under drought. The differences in the results of the present study and those of other workers may be attributed to the differences in the genetic materials used in this study. The significant positive GCAm effects displayed for grain yield by the inbreds TZEQI 34 and TZEQI 39 and GCAf effects revealed by TZEQI 24, TZEQI 44, and TZEQI 56 under drought indicated that the inbreds would contribute favorable alleles for grain yield under drought when used as males and females, respectively. The GCA (GCAm plus GCAf ) effects of the stay-green characteristic were negative and significant for the inbreds TZEQI 34, TZEQI 35, TZEQI 39, and TZEQI 55 across drought and low-N environments. Furthermore, negative and significant GCAm effects were displayed by the inbreds TZEQI 23 and TZEQI 45 across drought and low-N environments, while the inbreds TZEQI 22, TZEQI 44, and TZEQI 56 exhibited negative and significant GCAf effects. The implication is that inbreds with negative and significant GCA effects for the stay-green characteristic will contribute alleles that will delay leaf senescence in the progenies. Similar results were reported in early-maturing maize inbreds by Ifie et al. (2015) under low N. On the other hand, the inbreds with negative and positive GCAm or GCAf effects will delay leaf senescence in their progenies across drought and low-N environments when used as male or female, respectively. Under Striga infestation, the inbreds TZEQI 12 and TZEQI 55 had positive and significant GCAm effects for grain yield, while inbreds TZEQI 44 and TZEQI 55 had positive and significant GCAf effects for grain yield, indicating that they will contribute favorable alleles for grain yield under Striga infestation. Two inbreds (TZEQI 49 and TZEQI 29) showed significant and negative GCAm effects for Striga damage at 10 WAP, while 27 of the 30 early white QPM inbreds used in the study showed negative and significant GCAf effects for Striga damage at 10, indicating that the inbreds will contribute to reduced Striga damage. On the other hand, 28 inbreds exhibited significant and negative GCAm effects for the number of emerged Striga plants at 10 WAP when used as the female parents. It is striking to note that TZEQI 56 was the only inbred that displayed negative and significant GCAm and GCAf effects for number of emerged Striga plants at 10 WAP. This inbred is expected to contribute Striga resistance or tolerance to the progeny. Resistance genes from this inbred and the others identified in this study should be introgressed into breeding populations for improvement of the levels of Striga resistance and tolerance. The expression of positive and significant GCA effects for grain yield by the five inbreds (TZEQI 6, TZEQI 34, TZEQI 44, TZEQI 49, and TZEQI 55) across the stress environments suggested that they will contribute high grain yield in their crosses across multiple stress environments.
Classification of inbreds into appropriate heterotic groups is essential to maximize their potential usefulness for the development of productive hybrids and synthetics and also to create new heterotic groups. Therefore, the HGCAMT and SNP-based marker methods were used for the classification of the inbreds. Results showed that the HGCAMT method classified the inbreds into three groups each under drought, low N, and across test locations, while four groups were identified under Strigainfested conditions. In contrast, the SNP-based marker method identified three groups for the set of inbreds in the present study. The close correspondence in the classification of the inbreds into heterotic groups by the HGCAMT and the SNP-based approach in terms of the placement of the inbreds into similar groups implied that both methods were efficient. However, the SNP-based method had a breeding efficiency that exceeded that of the HGCAMT method by 40% under drought, 26% under low N, 48% under Striga, and 43% across research environments, indicating that it was more efficient than the HGCAMT. This implies that the SNP-based marker method could be used for grouping the numerous IITA QPM inbreds that are yet to be field tested. This result suggests that SNP-based GD method may be used in assessing diversity among tropical early maize inbreds and subsequently assigning them into distinct heterotic groups. This result is consistent with the findings of other earlier workers (Lanza et al., 1997; Balestre et al., 2008; Badu-Apraku et al., 2013 , 2015a Akinwale et al., 2014) who reported successful heterotic grouping of maize inbreds using molecular markers. However, the result is in disagreement with the findings of several workers (Semagn et al., 2012; Menkir et al., 2010; Benchimol et al., 2008; Shieh and Thseng, 2006) who reported that grouping of inbreds with molecular markers is not effective. The inbreds TZEQI 6 and TZEQI 55 were identified as the best testers across research environments. The inbred testers offer a unique opportunity for grouping the numerous IITA maize inbreds that are yet to be field tested using SNP-marker based GD.
It must be pointed out that, traditionally, in studies involving the NCD II, no attempts are made to group genotypes because all the possible crosses are not involved in such studies. Under such circumstances, it is not possible to obtain information on all possible SCA effects of the inbreds for heterotic grouping. Another major limitation of the NCD II, as well as the diallel and the line  tester mating designs, is that when the SCA effects of grain yield is declared nonsignificant by the ANOVA as a result of the overdominating effects of the GCA, it is not possible to classify the genotypes into heterotic groups. A major advantage of the HGCAMT and SNP-based methods is that under such circumstances, it is possible to group the genotypes using the GCA effects of multiple traits and the genetic distances. It is interesting to note that the SNPbased and HGCAMT methods made it possible for the 30 inbred lines used in the present NCD II study to be classified into heterotic groups. This is a major advantage of the SNP-based and the HGCAMT methods.
Combining the results of the present study with those obtained by Badu-Apraku et al. (2015a) reveals some interesting trends in the genetics of inheritance of grain yield and other traits under drought, low N, and across environments as exemplified by the white-grain QPM vs. yellowgrain QPM inbred lines. The GCA and SCA mean squares were significant for grain yield and most other traits under drought, low N, and across research environments in both the white and yellow QPM inbreds, indicating that additive and nonadditive gene actions were both important in the inheritance of grain yield and most other traits of the inbreds. The implications of these results is that a breeding scheme that capitalizes largely on both additive and dominance variance, such as inbreeding and hybridization, recurrent selection involving testcrosses should be adopted in the breeding program. Since the gene action in the yellow QPM inbreds is predominantly additive, the inbreds in each heterotic group should be recombined to form a population, and the frequency of favorable alleles could be increased using recurrent selection methods. In contrast, there was preponderance of SCA sum of squares over GCA for most measured traits across contrasting environments for the white QPM inbreds, indicating that nonadditive gene action largely modulated the inheritance of the traits in the set of QPM white inbreds. In contrast, GCA was more important than SCA under each contrasting environment and across environments in the yellow QPM inbreds, suggesting that the additive gene action was more important than the nonadditive in this set of inbreds. Therefore hybrid development should be the focus of the program for the white QPM inbreds.
The outstanding yield performance of the QPM hybrids over the drought-tolerant, normal-endosperm hybrid and OPV checks under each and across environments in this study suggests that significant progress has been made in developing multiple stress-tolerant QPM hybrids for increased maize production and food security as well as reduced malnutrition in WCA.
A prime objective of the present study was to identify the most stable and high-yielding hybrids for commercialization. The AMMI biplot identified hybrids 4 (TZEQI 44  TZEQI 4), 9 (TZEQI 35  TZEQI 39), 15 (TZEQI 35  TZEQI 59), 20 (TZEQI 6  TZEQI 35), and 21 (TZEQI 45  TZEQI 33) as the highest yielding and most stable across environments. The high grain yield and significant positive interactions of TZEQI 27  TZEQI 59 and TZEQI 55  TZEQI 12 with IPCA1 implied that they were adapted to favorable environments. These hybrids should be tested in high-yield environments to ensure the consistency in yield performance for consideration for commercialization. In contrast, hybrid 3 (TZEQI 56  TZEQI 59) had grain yield above the grand mean but negative interaction with IPCA1 score, suggesting that the hybrid was adapted to low-yield environments. It is striking to note that the worst five hybrids selected, based on their negative base indices, were also identified as the lowest yielding by the AMMI analysis, confirming the effectiveness of the base index used in the IITA breeding program.
In conclusion, nonadditive gene action modulated the inheritance of grain yield and most other traits in the set of the white QPM inbreds across multiple stress environments, suggesting that hybrid development should be the focus of the program for the white QPM inbreds. The inbred testers TZEQI 6 and TZEQI 55 identified in this study should be used for grouping of other QPM inbreds in tropical maize hybrid breeding programs. The hybrids TZEQI 6  TZEQI 35, TZEQI 6  TZEQI 35, TZEQI 35  TZEQI 59, TZEQI 35  TZEQI 39, and TZEQI 44  TZEQI 4 were outstanding in yield and stability and should be commercialized to contribute to sustainable maize production and improved nutrition and food security in the subregion.
